In this study, an automatic robust multi-objective controller has been proposed for blood glucose (BG) regulation in Type-1 Diabetic Mellitus (T1DM) patient through subcutaneous route. The main objective of this work is to control the BG level in T1DM patient in the presence of unannounced meal disturbances and other external noises with a minimum amount of insulin infusion rate. The multi-objective output-feedback controller with H ∞ , H 2 and pole-placement constraints has been designed using linear matrix inequality technique. The designed controller for subcutaneous insulin delivery was tested on in silico adult and adolescent subjects of UVa/Padova T1DM metabolic simulator. The experimental results show that the closed-loop system tracks the reference BG level very well and does not show any hypoglycaemia effect even during the long gap of a meal at night both for in silico adults and adolescent. In the presence of 50 gm meal disturbance, average adult experience normoglycaemia 92% of the total simulation time and hypoglycaemia 0% of total simulation time. The robustness of the controller has been tested in the presence of irregular meals and insulin pump noise and error. The controller yielded robust performance with a lesser amount of insulin infusion rate than the other designed controllers reported earlier.
Introduction
Type-1 diabetes or insulin dependent diabetes mellitus is caused due to the insufficient insulin produced by the pancreas. The treatment of Type-1 diabetes is very challenging to the medical practitioners and engineers in terms of quantity of drug infused into the patient's blood stream and for maintaining the normal blood glucose (BG) level in the presence of various noises, uncertainties and patient parameter variations. An automated, continuous and controlled release of insulin to the bloodstream of a Type-1 Diabetes Mellitus (T1DM) patient is required to maintain normoglycaemia (BG level between 70 and 130 mg/dl on fasting and BG level not exceeding 140 mg/dl after 2 h of eating) in the presence of normal meal and activity conditions [1] .
T1DM is a result of chronic autoimmune destruction of the pancreatic β-cells resulting in an absolute insulin deficiency. The glucose metabolism process is a non-linear complex process and is related to a number of internal factors, which are not always measurable. The system appears highly stochastic with accessible information like occasional BG sensing, amount of food intake and other activity conditions [1, 2] .
The idea of artificial pancreas (AP) or closed-loop control for maintaining normoglycaemia in T1DM patient has been discussed by the researchers as to improve the diabetes management since the 1970s. The closed-loop AP consists of BG sensor, continuous subcutaneous (SC) insulin infusion pump and appropriate control algorithm. The closed-loop control of BG regulation involves the interplay between the non-linear dynamics of the physiological process, the inter-patient and intra-patient parameter variabilities, noises in the actuator (insulin pump) and in glucose sensor and other uncertainties. Robust regulation of glucose level is necessary for the patient's physiological process in the presence of meal disturbance, actuator and sensor noises. It is very difficult to establish apriori, the exact relationship amongst the interacting sub-processes due to dynamic non-linearities and parameter variations from patient to patient.
The insulin can be infused into the patient's body through intravenous (IV) route and SC route. Many researchers have developed a different mathematical model for designing the controller for controlling the BG in closed-loop fashion both through the IV and SC routes [2] [3] [4] [5] . Researchers also worked on various closed-loop control algorithms for BG regulation [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] both through IV and SC routes. Parker et al. [6] designed an automatic H-infinity (H ∞ ) controller for controlling the BG level through the intravenous route considering Sorensen physiological model [3] and showed that controller tracks BG level very well. Dua et al. [12] developed a multi-objective controller based on Bergman's model [2] for BG regulation through intravenous route. Paoletti et al. [22] used Hovorka's model [4] for the design of datadriven robust model-predictive controller (MPC). Due to some inherent problems associated with IV insulin treatment, SC insulin therapy became very popular for BG regulation in T1DM patients and many control configurations such as proportional-integralderivative (PID), linear quadratic Gaussian (LQG), H-infinity (H ∞ ), non-linear and MPC have been suggested [8-11, 13, 16-20, 23] . Among these H ∞ and MPC give a better result than the others. The motivation of this work is in the quest of design, analysis and synthesis of some robust controller for BG regulation in multivariable non-linear glycaemic process of T1DM patient with multiple constraints, where the design is based on a combination of more than one control objectives. The multi-objective control algorithm for BG regulation through SC route in T1DM patient has not reported earlier by any researcher.
In this study, a multi-objective controller is designed for BG regulation in TIDM patient through SC route applying linear matrix inequality (LMI) technique. The meal model developed by Man et al. [5] for the T1DM patient has been used and the controller is designed on linearised model of the TIDM subject.
The designed controller has been tested on 22 in silico patients of UVa/Padova T1DM metabolic simulator [25] that is approved by the US Food and Drug Administration (FDA). The followings are the main contributions of this research work.
• This work applies the concept of designing an output-feedback multi-objective controller for BG regulation in T1DM patient to deliver insulin through SC route using LMI technique. have been set up for the glycaemic process in T1DM patients through the SC route.
• Multi-objective control algorithm has been developed with H ∞ , H 2 and pole-placement constraints for BG regulation in T1DM patient through SC route.
• The designed multi-objective controller was tested on 11 in silico adult and also on 11 in silico adolescent subjects of T1DM simulator.
o Experimental results show that the proposed controller regulates tightly the BG level in the presence of unannounced meal disturbances and also avoids hypoglycaemia effects. The insulin infusion required for BG regulation is also less. o The designed controller yielded a robust performance in the presence of irregular meals and pump error and noise. Here patients experience hypoglycaemia 0% of total simulation time.
o The performance of the proposed multi-objective controller is compared with the performance of the H ∞ controller with safety mechanism (SM) and insulin feedback loop (IFL), tested on in silico adults in the T1DM simulator as reported in [19] . The proposed controller gives better performance with lesser hyperglycaemic and hypoglycaemic events and with a lesser amount of insulin infusion without using SM and IFL. o The performance of the designed controller is also compared with fully-automated online-tuned controller based on internal model control (IMC) strategy [23] . The designed multi-objective controller keeps the BG level of in silico patient more time within the clinically safe target zone (70-180 mg/dl) than this fully-automated online-tuned controller.
Glucose-insulin dynamics in Type-1 diabetics
The glucose-insulin kinetic model used in this work is based on the dynamic equations used by Dalla Man et al. [5] for the glucoseinsulin process of T1DM patient with the meal simulation model. The closed-loop control scheme for BG regulation in T1DM patient with the meal simulation model, glucose sensor and insulin pump is shown in Fig. 1 . The meal model consists of a two-compartment glucose subsystem and two-compartment insulin subsystems. The SC insulin kinetics used in this study has been developed by Man et al. [9] ; and SC glucose kinetics has been developed by Magni et al. [10] . This model has been successfully used by many researchers with in silico trials for testing various control algorithms [9-11, 13, 19, 20, 23] . The dynamic equations that represent the meal simulation model are given in the Appendix.
The block diagram of the patient model in an algebraic framework with inputs, outputs and feedback control is shown in Fig. 2 , where w is the exogenous input vector consist of glucose reference, meal disturbance, actuator noise and sensor noise; u is the control input (insulin infusion); z P is the BG level error, z T is the plasma glucose level and z u is the insulin infusion rate; y is the measured output (glucose level error).
The design specifications that have been considered to regulate the BG level of a T1DM patient using a multi-objective controller are
• To reject the effect of disturbances (meal disturbances, sensor and actuator noises).
• To minimise the postprandial BG concentration peak.
• To avoid the hypoglycaemia effect.
• To minimise the time required to settle down about the BG target.
• To minimise insulin infusion required from the SC insulin pump.
Multi-objective control via LMI technique
For the present problem, the design specifications are a combination of performances and robustness objectives and can be expressed both in the time and frequency domains. The multiobjective constraints are expressed regarding LMI and have also been solved using LMI technique. The LMI technique is very popular for addressing the multi-objective problem. The various frequency and time-domain convex constraints such as H ∞ performance, H 2 performance and pole-placement [26] [27] [28] [29] can be expressed as LMI and can be solved using convex optimisation algorithms. Linear fractional transformation model of the closed-loop system is shown in Fig. 3 where P is the generalised plant and K is the multi-objective controller. The output vector z 1 is associated with H ∞ performance and output vector z 2 is associated with the H 2 performance. The output vectors are 
The state-space realisation of the plant P is x˙P t = A P x P t + B P1 w t + B P2 u t (1)
where x P t is the state vector of the plant, w t is the exogenous input vector, u t is the control input and y t is the measured output.
Here the objective is to design a multi-objective output feedback controller K to satisfy the robust stability and robust performance requirements, subject to the constraint that the closedloop system is internally stable. Suppose the closed-loop transfer function of the system from w to z 1 and w to z 2 be T z1w s and T z2w s , respectively, under output-feedback control u = Ky.
The state-space realisation of the controller is
where x K t is state vector of the controller. The state-space realisation of the closed-loop system as shown in Fig. 3 is given by
where x C t is the state vector of the closed-loop system and is
given by
Here, for multi-objective output feedback control design, the controller gain K is computed such that it
• Minimises the trade-off criterion between H 2 and H ∞ norm of the following form:
where α ⪰ 0, β ⪰ 0 and α + β = 1.
• Confines the closed-loop poles in some prescribed region in the left-half of the s-plane, called LMI region.
The H ∞ norm of T z1w is less than any given γ where γ ≻ 0 if there exists a positive symmetric P ∞ [28] , such that the following LMI are feasible:
The H 2 norm of T z2w s is less than δ if and only if D C2 = 0 and if there exist positive symmetric P 2 and Q [28] such that the following LMI are feasible:
To improve the transient response, the closed-loop poles of the system can be confined in a prescribed region in the left-half of the s-plane called LMI region. An LMI region is a convex subset D of the complex plane [28] that is defined as
where M and L = L T are the real matrices. The closed-loop poles will be confined in the LMI region with L = L T = λ i j 1 ⪯ i, j ⪯ m and M = μ i j 1 ⪯ i, j ⪯ m if and only if there exits symmetric matrix P pol [28] , which satisfies
Here the multi-objective optimisation problem is non-convex because the matrix inequalities involved in (10), (11) and (15) are not jointly convex as P ∞ ≠ P 2 ≠ P pol . So it becomes very difficult to solve numerically the optimisation problem using LMI technique. The convexity can be recovered [28, 29] by seeking a common solution P ∞ = P 2 = P pol = P C ≻ 0. The matrix inequalities in (10), (11) and (15) also contain non-linear terms, so the problem cannot be solved directly using the LMI technique. The non-linear problem can be converted into a linear one by changing the controller variables and the new controller variables are given by (16)- (19) , where R, S, M, N are the sub-matrices of P C .
Once the new controller variables, Ā K , B K , C K , D K and R, S, M, N are obtained, the controller variables A K , B K , C K and D K can be determined by solving the equations from (16)- (19) . The multiobjective output feedback controller K designed with the objectives mentioned earlier exits if and only if the following systems of LMIs are feasible:
where 
Multi-objective controller design for the glucose-insulin process
The non-linear model of glucose-insulin process in SC route for T1DM patient based on the dynamic equations given in the Appendix is implemented using MATLAB SIMULINK® toolboxes and the model is linearised around the target value of glucose concentration (120 mg/dl) assuming no disturbances. The order of the linearised model is 16th. Fig. 4 shows the control configuration for the T1DM patient with weighting functions and multi-objective controller K. In Fig. 4 , W m represents meal disturbance weight. The meal disturbances are considered as rectangular pulses. To make a smooth rise and fall of the meal disturbance pulses that happen to the subject [6] , these signals are passed through a first-order lowpass filter W m . Depending on the absorption of disturbance dynamics in the patient's physiological process, the time constant of W m has been selected. For the present glucose-insulin process, the low-pass filter W m is considered as W m = 1/ 4s + 1 .
The weights for both actuator and sensor noise are taken as W n = 0.0001. The noise signals are considered Gaussian in nature and the intensity depends on the statistics of error in the device outputs.
In Fig. 4 The flowchart of the proposed control algorithm is shown in Fig. 6 . To improve the transient response of the process or to provide damping, the closed-loop poles of the output feedback system had been placed in a prescribed LMI region as shown in Fig. 7 . The region is chosen as the conic sector with the apex at x = 0 and angle θ = 5°.
Results and discussion
The performance of the designed multi-objective controller is tested in silico subjects of UVa/Padova T1DM simulator v3.2 that is accepted by the FDA in connection with the development of AP. The simulator has three different groups of in silico subjects; children, adolescent and adults. In each group, there are 11 subjects (10 different subjects and 1 average). Each subject has a different age, body weight and other parameters [25] . Using the simulator an optimal bolus insulin dose can be provided for a given meal size to each subject based on the subject's basal rate and insulin-tocarbohydrate ratio (I:C). The proposed controller has been tested on 11 in silico adult and 11 in silico adolescents with different meal size, errors and noises in an insulin pump. Continuous glucose monitor (CGM) is taken for glucose sensing and continuous SC insulin infusion (CSII) pump is chosen for insulin infusion into the body of the patient in this simulator. 
Testing on in silico adults
For testing the multi-objective controller in this tracking problem, the target value of plasma glucose concentration is considered as 120 mg/dl because this target value is frequently used in clinical trials [8] . The controller has been tested on in silico adults in the presence of unannounced meal disturbances with CGM glucose sensor and an insulin pump with no error. One day (24 h) simulation time is considered and the simulation is started at midnight where the controller is turned ON at the same time. A single meal of 50 g CHO is subjected to all adults (11) after 6 h of starting the simulation. The BG level and insulin infusion rate profiles of adult-average are shown in Figs. 8 and 9 , respectively. From the responses and results, the followings can be observed:
• Postprandial BG concentration peak is within clinically safe normoglycaemic BG zone of 70-180 mg/dl and BG level of adult avg. remains 92% of the time within this zone.
• The minimum BG level observed is 98 mg/dl and hence the hypoglycaemia effect is not noticed. • A minimal High BG Index (HBGI = 1.45), a minimal Low BG Index (LBGI = 0) and BG Risk Index (BGRI = 1.46) have been achieved. • The insulin infusion rate response shows that maximum 3.3 U/h insulin is required to regulate the BG level, which is very much less.
The control variability grid analysis (CVGA) plot of all 11 adults is shown in Fig. 10 . Each blue dot represents each adult's minimum and maximum BG level. From the plot, it is also observed that the clustering of points of all adults is tighter and is placed in upper B-zone. The BG responses of 11 in the silico adult of the simulator with 50 gm meal are given in Fig. 11 and average results are given in Table 1 .
The designed controller is also tested through 30-days. Here repetitive diets have been followed and patient consumes three meals in a day (at 07:00 h, 12:00 h and 20:00 h) with a fixed amount of CHO (40, 75, 60 gm respectively). The 30-day BG level and insulin infusion responses are shown in Figs. 12 and 13 , respectively. The BG response shows that hypoglycaemia effect is absent in the response. It also shows that the first-day peak BG level is 270 mg/dl for 75 gm meal and from the Day-4, the maximum BG level remains almost fixed within 250 mg/dl. From the insulin infusion rate, it is seen that for 75 gm meal the insulin infusion rate is only 4.5 U/h.
Testing on in silico adolescents
The proposed controller has also been tested on in silico adolescents. The 24 h simulation time is considered and the simulation is started at midnight where the controller is turned ON at the same time. All adolescents (11) are subjected to a single meal of 50 g CHO after 6 h of starting the simulation with CGM glucose sensor and an insulin pump with no error. The BG and insulin infusion rate profiles of the average subject are shown in Figs. 14 and 15, respectively. The average results of the subjects are shown in Table 2 . From the results and responses, the followings can be observed:
• Hypoglycaemia effect is absent and the postprandial BG concentration peak is also within the clinically safe normoglycaemic BG zone of 70-180 mg/dl. • BG level of the average subject remains 86.47% of the time within the normoglycaemic zone of 70-180 mg/dl. • The time required to settle down about the target value is more than the time required for an average adult.
• The insulin infusion rate response shows that controller delivers a maximum of 3 U/h insulin to regulate the BG level for 50 gm meal.
So the controller fulfils the objectives for BG regulation via the SC route for adolescents also. Further tuning of the controller may be required for using with adolescents. The CVGA plot of all adolescents is shown in Fig. 16 . From the plot, it can also be observed that the clustering of points of all adolescents is tighter and are in upper B-zone and B-zone.
Robustness analysis
• Case 1: For robustness, the controller is tested through 4-days when the patient was subjected to irregular meals. The meal size and meal time are given in Table 3 . Here on Day 2, the patient skipped the lunch and on Day 3, the patient was on fasting. The BG level and insulin infusion rate responses are shown in Figs. 17 and 18 , respectively. From the response, it is observed that the postprandial BG level is <180 mg/dl, i.e. in the safe region. Even on day-3, when the patient is on fasting the BG level is in a euglycaemic zone. So the controller tracks the target value very well and the overnight hypoglycaemia effect cannot be noticed. The insulin requirements are also very less as evident from the figure. So the proposed controller regulates BG robustly with the minimum drug.
• Case 2: For robustness analysis, the simulation is also carried out in the presence of insulin pump noise and error (i.e. in built noise and error in T1DM simulator). The simulation time is taken as 24 h. The subject is given 45 gm a meal at 08:00 h, 75 gm meal at 12:00 h and 70 gm meal at 20:00 h. The BG and insulin infusion responses with pump noise, error and without pump noise, error are given in Figs. 19 and 20, respectively. From the red BG curve, it can be observed that the postprandial BG level is within a clinically safe region (70-180 mg/dl) and hypoglycaemia effect is also not obtained. From the insulin infusion curves, it is clear that the insulin requirements in both the cases are almost the same. Thus the controller regulates the BG very well in the presence of meal disturbances as well as insulin pump noise, error with almost the same amount of insulin. Thus the controller gives a robust performance in the presence of pump noise and error also.
Performance comparison with other controllers from earlier reports
• Case 1: The performance of the proposed multi-objective controller is compared with the performance of H ∞ controller with SM and IFL, tested on in silico 101 adults in T1DM simulator as reported in [19] . The patient was subjected to the same meal regimen considered in [19] and is given in Table 4 . The BG target is taken as 120 mg/dl and the comparative average performance of the proposed controller with that of the reported in [19] are given in Table 5 for meal Protocol #1 and Protocol #2. From the results, the followings can be seen:
o Designed multi-objective controller avoids hypoglycaemia effect without using SM and IFL as used with H ∞ controller reported in [19] . o From Table 5 , it can be seen that the postprandial BG, mean BG and maximum BG level all are less than the H ∞ controller reported in [19] . o The percentage time in target value (70-180 mg/dl) is also more in case multi-objective controller. o The maximum insulin infusion rate required for the multiobjective controller is very much less than this H ∞ controller and that is another advantage of this proposed multi-objective controller.
• Thus the proposed controller gives better performance with lesser hyperglycaemic and hypoglycaemic events and with a lesser amount of insulin infusion without using SM and IFL. • Case 2: The performance of the proposed controller is also compared with the performance of fully-automated offline-and online tuned IMC and semi-automated online-tuned IMC [23] .
The patient was subjected to the same meal disturbances as in scenario 1 [23] and is given in Table 6 .
• The BG target is taken as 110 mg/dl as in [23] . The comparative average performance of the proposed controller with that of the reported in [23] is given in Table 7 for scenario 1. The BG and insulin infusion rate are given in Figs. 21 and 22 . The percentage time in target value (70-180 mg/dl) and percentage time in tight target (80-140 mg/dl) is also more in case multiobjective controller. Percentage time below 70 mg/dl is also zero. So the proposed controller gives better result than the controllers reported in [23] .
Conclusion
In this paper, a multi-objective control algorithm using LMI technique has been proposed for closed-loop robust BG regulation in T1DM patient through SC route. For convex stabilisation of the insulin delivery system, multi-objective constraints H ∞ , H 2 , and pole-placement have been expressed regarding LMI. The designed multi-objective controller is tested on in silico subjects of UVa/ Padova T1DM Simulator v3.2 in the presence of meal disturbances and insulin pump noise and error. The control algorithm is validated on in silico 11 adults and 11 adolescents. The controller response shows no postprandial hyperglycaemia and hypoglycaemia effects and regulates the BG level with minimum amount of insulin infusion, which is very much desired for AP application. For robustness analysis, the proposed multi-objective controller was tested on in silico adults and adolescents, with irregular meals and with and without insulin pump error and noises. The resulting controller yielded robust performance with less amount of insulin infusion even in the presence of irregular meals and pump error and noise. This controller regulates the BG level very tightly with minimum control effort and does not require any bolus insulin feedback loop as reported in earlier research work.
The limitations of this work are that the effects of counterregulatory hormones such as glucagon, growth hormones and so on have not been considered in the model of glucose-insulin process and also the effects of physical exercise by the patient is not considered. In future, the performance of the multi-objective controller with proper exercise and activity model may be studied on in silico patients. 
